The overexpression of N-acetylneuraminic acid (Neu5Ac) is closely correlated with malignant transformations. Thus, Neu5Ac is an important target in the design of cancer vaccines. To study the influence of chemical modifications of Neu5Ac on its immunological properties, the α-allyl glycosides of five differently N-acylated neuraminic acid derivatives were prepared. Following selective ozonolysis of their allyl group to form an aldehyde functionality, they were coupled to keyhole limpet hemocyanin (KLH) via reductive amination. Resultant glycoconjugates were studied in C57BL/6 mice. The N-propionyl, N-iso-butanoyl and N-phenylacetyl derivatives of neuraminic acid provoked robust immune responses of various antibody isotypes, including IgM, IgG1, IgG2a and IgG3, whereas N-trifluoropropionylneuraminic acid and natural Neu5Ac were essentially nonimmunogenic. Moreover, the N-phenylacetyl and N-iso-butanoyl derivatives mainly induced IgG responses that are desirable for antitumor applications. These results raise the promise of formulating effective glycoconjugate cancer vaccines via derivatizing sialic acid residues of sialooligosaccharides.
Introduction
Sialic acids are a family of neuraminic acid derivatives that are naturally present. The most common sialic acids are Nacetylneuraminic acid (Neu5Ac, 1) and N-glycolylneuraminic acid (Neu5Gc), of which Neu5Gc is expressed in large amounts in all mammals except humans [1] .
Sialic acids are unique carbohydrates in that they usually appear at the nonreducing ends of oligosaccharides of natural glycoproteins and glycolipids. Therefore, as the most exposed carbohydrate moieties on cell surfaces, sialic acids play forefront roles in numerous biological and pathological events [2, 3] . For example, Siglecs are a class of lectins that bind sialic acids specifically [4, 5] , and they are critical for cell interactions and signal transductions in the hemopoietic, immune and nerve systems [6] . Siglecs are therefore important templates for new drug design [7] . It has also been established that oncogenic transformations are commonly accompanied by the overexpression of Neu5Ac [8] . Consequently, many tumor antigens are sialooligosaccharides [9] , which have become invaluable molecular targets for cancer research, such as for the develop- * Senior Authorships.
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Like all glycans, the biosynthesis of Neu5Ac and sialooligosaccharides is realized by a series of enzymatic reactions. The involved enzymes can tolerate modifications of the substrates, an observation that has been widely used in the enzymatic preparation of carbohydrate analogs and derivatives [13] [14] [15] [16] [17] . Chemically modified monosaccharides have also been employed to bioengineer carbohydrate structures on cells [18] [19] [20] [21] [22] [23] [24] .
Based upon the principles of bioengineering of cell surface Neu5Ac, which was pioneered by Bertozzi [18] [19] [20] [21] [22] and Reutter [23, 24] , we recently proposed a novel strategy to overcome the immunotolerance problem of tumor-associated carbohydrate antigens (TACAs), in the hope of developing new, effective immunotherapies for cancer [25] . The basic strategy is to immunize a cancer patient or animal with a synthetic vaccine that is composed of a TACA analog having artificial sialic acid residues to establish a specific immune response. The patient or animal is then treated with a correspondingly modified precursor of sialic acid to initiate the expression of the artificial TACA in place of the natural ones on tumor cells. The immune response (specific to the artificial TACA) will thereby eliminate bioengineered tumors that are marked by the artificial TACA.
For the new therapy to work, two conditions have to be met. First, biosynthetic machineries of cancer cells must be able to utilize modified precursors to biosynthesize artificial sialo TACA. Second, synthetic vaccines must be able to induce sufficient immune responses. In principle, synthetic carbohydrates, including artificial sialooligosaccharide analogs, are more immunogenic than natural counterparts [26] [27] [28] [29] [30] . However, there has been no systematic study of how different functional groups affect the immunological properties of sialic acids. This knowledge will be critical for choosing suitable modifications in the design of effective cancer vaccines based upon sialooligosaccharides. In this regard, we prepared a number of artificial sialic acids and their protein conjugates and studied their immunological properties.
Materials and methods

General methods and materials
NMR spectra were recorded on a Gemini-200 FT NMR or a Gemini-300 FT NMR spectrometer. Proton chemical shifts are reported in ppm (δ) downfield from tetramethylsilane (TMS). Coupling constants (J) are reported in hertz (Hz). Fast atom bombardment mass spectra (FAB-MS) were obtained with a Kratos MS-25RFA spectrometer. Optical rotations were measured on a Perkin-Elmer 241 polarimeter. Thin layer chromatography (TLC) was performed on silica gel 60 GF 256 plates detected by charring with phosphomolibdic acid-EtOH or 5% H 2 SO 4 -EtOH. Commercial solvents and reagents were directly used without further purification.
Synthesis of 2-O-allyl-5-amino-3,5-dideoxy-D-glycero-α-Dgalacto-2-nonulopyranosidonic acid (22)
To a solution of 21 [31] (200 mg, 0.54 mmol) in water (5 mL) was added 5 mL of 20% tetramethylammonium hydroxide in MeOH (20% w/w). After the reaction mixture was refluxed for 6 h, it was neutralized with concentrated HCl and then condensed to dryness under reduced pressure. The residue was dissolved in water (1 mL) and desalted by passing through a Sephadex G10 column (2 cm × 25 cm) with distilled water as eluent. Fractions containing sialic acid, analyzed by the Svennerholm method, were combined and freeze-dried to provide 22 as a white solid (125 mg, 78%), which was used directly in the next step of reaction without further purification. 1 
Synthesis of 2-O-allyl-3,5-dideoxy-5-propionylamino-Dglycero-α-D-galacto-2-nonulopyranosidonic acid (3) and 2-O-allyl-3,5-dideoxy-5-iso-butanoylamino-D-glycero-α-Dgalacto-2-nonulopyranosidonic acid (4)
After 21 (100 mg, 0.33 mmol) was dissolved in a mixture of MeOH (5 mL) and H 2 O (5 mL) in an ice-water bath, a few drops of 4M aqueous NaOH solution was added to adjust the pH to ca. 10. Then, propionyl or iso-butanoyl anhydride (1.0 mL) was added dropwise within 6 h. Reactions were monitored by TLC. After reactions were complete, concentrated HCl was added to adjust pH to 6. Precipitates were filtrated off and the filtrate was condensed and purified by silica gel column chromatography eluted with CHCl 3 
Synthesis of 2-O-allyl-3,5-dideoxy-5-phenylacetamino-Dglycero-α-D-galacto-2-nonulopyranosidonic acid (5)
After the mixture of 21 (100 mg, 0.33 mmol) and phenylacetyl chloride (0.5 mL) in MeOH (5 mL) and Et 3 N (1.0 mL) was stirred at −70 • C for 2 h, solvents were removed in a vacuum. The residue was purified on a silica gel column eluted with CHCl 3 and MeOH (4:1) to afford 5 as a white solid (105 mg, 75% 
Synthesis of 2-O-allyl-3,5-dideoxy-5-trifluoropropionylamino-D-glycero-α-D-galacto-2-nonulopyranosidonic acid (6)
DCC (210 mg, 1.1 mmol) was added at rt to a solution of trifluropropionic acid (0.091 mL, 1.0 mmol) and HOBt (140 mg, 1.1 mmol) in anhydrous DMF (5 mL). Four hours later, the reaction mixture was filtered off to remove the solid byproduct. Then, 21 (50 mg, 0.16 mmol) in DMF (1 mL) was added to the filtrate, and the reaction was monitored by TLC. Upon disappearance of the starting material 12 h later, solid material was removed by filtration and the filtrate was concentrated to dryness under reduced pressure. The residue was purified on a silica gel column eluted with CHCl 3 and MeOH (2:1) to give 6 as a white solid (43 mg, 55% 
General procedure for ozonolysis of 2-6
A solution of 2-6 (0.1 mmol each) in MeOH (10 ml) was bubbled with ozone at −78 • C for 40 min until a blue color appeared and remained. The solution was kept at −78
• C for another 10 min, and then nitrogen was introduced to remove remaining ozone. Me 2 S (0.5 ml) was added at −78
• C, and the resulting solution was allowed to warm to rt over a period of 1 h and stand for another 1 h before it was condensed in vacuo. The crude product was purified by passing through a Sephadex G10 column with distilled water as the eluent to give, upon lyophilization, the aldehydes 23-27 as white solids. They were used directly in conjugation reactions without further 
Analysis of sialic acid loading of glycoconjugates [32] Accurately weighed samples of glycoconjugates (ca. 0.5 mg each) were dissolved in distilled water (2.0 mL), mixed well with resorcinol reagent (2.0 mL), and heated in boiling water for 30 min. The solutions were then cooled to rt and combined with an extraction solution (1-butanol acetate and 1-butanol, 85:15 v/v, 4.0 mL). The mixture was shaken vigorously and allowed to stand still for ca. 10 min to separate the organic layer from inorganic layer. The upper organic layer was transferred to a 1.0 cm cuvette, and absorbance at 580 nm was determined by an UV/visible spectrometer, using the organic solvents as the blank control. The sialic acid contents of the glycoconjugates were determined with a calibration curve created with standard Neu5Acyl solutions and analyzed under the same conditions. Sialic acid loading of the conjugates was calculated according to the following equation: following the manufacturer's protocol. The mice were boosted with identical immunizations on days 14, 21 and 28 following the initial immunization. The mice were bled by tail vein prior to the initial immunization on day 0 and after immunization on day 27. On day 35, mice were sacrificed and serum was collected by post-ocular orbital bleeding. Blood was clotted to obtain sera, which were stored at −80 • C.
Protocols for ELISA analysis ELISA plates were coated with sialic acids conjugated to HSA. These capture reagents allowed detection of antibodies specific for various sialic acid components of the glycoconjugates without detection of antibodies to KLH (the carrier protein used to compose glycoconjugate vaccines). Maxisorp ELISA plates (NuncNalgene, Rochester, N.Y.) were coated overnight at 4
• C with 100 µl of sialic acid-HSA glycoconjugates (1 µg/ml 0.1 M bicarbonate buffer), and then washed with PBS. Sera from the six mice per group were pooled, diluted 1:300 to 1:72900 in serial half-log dilutions in PBS with 0.02% azide, and incubated overnight in the coated ELISA plates (100 µl/well). The plates were then washed and incubated with 1:1000 dilution of alkaline phosphatase linked anti-kappa, anti-IgM or anti-IgG2a antibodies, or with 1:2000 dilution of anti-IgG1 or anti-IgG3 antibodies (Southern Biotechnology, Buckingham, AL) for 1 h at rt. Plates were washed and developed with PNPP substrate for colorimetric readout using a BioRad 550 plate reader (BioRad, Hercules, CA) at 405 nM wavelength.
A titer analysis was performed to normalize data and calculate relative immunogenicities of derivatized glycoconjugates. Optical density (OD) values were plotted against dilution values, and a best-fit line was obtained. The equation of this line was used to calculate the dilution value at which an OD of 0.5 was achieved, and antibody titer was calculated as the inverse of this dilution value.
Results and discussion
Synthesis of sialic acids and their protein conjugates
This research was designed to explore the impact of various chemical modifications of Neu5Ac on its immunogenicity. Thus, N-acyl derivatives (2-6) of neuraminic acid were synthesized and coupled to carrier protein, and their immunological properties were studied.
KLH was employed as the carrier protein to form glycoconjugate immunogens 7-11, since KLH is an effective carrier for experimental cancer vaccines [10] [11] [12] . On the other hand, HSA conjugates (12-16) were used as ELISA capture reagents to eliminate detection of antibodies raised by KLH. Regarding the antigens, in addition to natural Neu5Ac that was used essentially as the control, we planned to investigate four artificial N-acyl derivatives of neuraminic acid, namely, Npropionylneuraminic acid (Neu5Pr), N-iso-butanoylneuraminic acid (Neu5iBu), N-phenylacetylneuraminic acid (Neu5PhAc), and N-trifluoropropionylneuraminic acid (Neu5FPr). Although according to the literature Neu5Gc is antigenic [1] , because it is a natural sialic acid that is widely spread in mammals other than humans, glycoconjugates of Neu5Gc are of limited interest as cancer vaccines to us.
The designed neuraminic acid derivatives included a range of structural variations relative to natural Neu5Ac. Propionyl group is only one carbon longer than acetyl group, so there is a relatively small structural difference between Neu5Pr and natural Neu5Ac. However, a similar structural change was found in previous studies to substantially improve the immunogenicity of polysialic acid [27, 28] . It is thus of interest to us to examine the immunological properties of Neu5Pr. Trifluoropropionyl group is an analog of propionyl group but with its terminal methyl group fully fluorinated. Therefore, a trifluoropropionyl group should be more hydrophobic than a propionyl group, even though they have very similar bulk. We would expect that the higher hydrophobicity of trifluoropropionyl group might improve the immunogenicity of Neu5FPr, because hydrophobic components can often promote the immune response. Phenylacetyl and iso-butanoyl groups are structurally very different from an acetyl group. We would expect that their distinct sizes and hydrophobicity might make them even more immunogenic.
Protein conjugates of various sialic acids were prepared according to the procedure shown in Scheme 1. Our initial attempts to directly hydrolyze the acetyl group of 1 using strong acids and bases failed. The reactions afforded unidentified tars, probably due to the decomposition of 1. The open chain structure of 1 as an α-keto acid is rather sensitive to both acids and bases. We finally conceived a procedure of performing deacetylation with the base-stable glycoside of Neu5Ac and realizing N-modification at a much later stage. In this way, the keto structure could be avoided. We chose to utilize the allyl glycoside because an allyl group can be selectively ozonolyzed to afford an aldehyde functionality, it facilitating later coupling with proteins via reductive amination. Thus, the allyl group also served as a linker.
The synthesis started from commercially available Neu5Ac (Scheme 1). The reactions to prepare 21 were well established [31] . The deacetylation of 21 was achieved by refluxing its aqueous methanol solution in the presence of tetramethylammonium hydroxide. The methyl ester was hydrolyzed concomitantly to give 22 that was purified on a Sephadex G10 column. The NMR spectrum of 22 verified the complete removal of acetyl groups. Upon reaction with propionyl or iso-butanoyl anhydride, 22 was transformed into the allyl glycosides 3 and 4 of Neu5Pr and Neu5iBu, whereas the reaction of 22 with phenylacetyl chloride in methanol gave the allyl glycoside 5 of Neu5PhAc in good yield. The trifluoropropionylation of 22 was carried out by reaction with the N-hydroxybenzotriazole (BtOH) ester of trifluoropropionyl acid. Mild basic treatment of 21 to only remove the methyl group afforded the ally glycoside 2 of Neu5Ac. Thus, the allyl glycosides 2-6 of various sialic acids were obtained from Neu5Ac in 6-7 steps and 35-87% overall yields.
Ozonolysis of 2-6 proceeded smoothly in methanol to give the corresponding aldehydes 23-27. Their 1 H NMR spectra clearly showed a proton signal of the hydrated aldehyde at δ 5.10, as well as the disappearance of proton signals of its allyl group at δ 5.90, 5.30 and 5.20. Coupling reactions between 23-27 and KLH or HSA were performed in 0.1 N NaHCO 3 buffer (pH 7.5-8.0), with 23-27 in excess, according to reported conditions [33] . Conjugation products were easily separated from unreacted carbohydrates by a Bio Gel A 0.5 column. Fractions that were positive on sialic acid analysis (by Svennerholm Scheme 1. a method) and protein analysis (by BCA method) were combined, dialyzed against distilled water and then lyophilized to afford glycoconjugates 7-16 that were subjected to chemical analysis before their immunological studies.
The sialic acid loading of 7-16 was analyzed by the Svennerholm method [32] . So, after standard calibration curves were obtained with synthetic sialic acids, glycoconjugates 7-16 were examined under the same conditions to determine their sialic acid contents, which were then converted to the percentile loadings (see Methods). Table 1 shows the levels of sialic acid loading of all glycoconjugates.
Overall, the coupling reactions were very efficient to give glycoconjugates containing 9.2-23.6% of sialic acids, but the loading level of KLH conjugates was generally slightly lower than that of HSA conjugates. In the case of KLH conju- gates, a 10% loading signifies that in average about 300 sialic acid residues were attached to each protein molecule. This level of conjugation is usually ideally suitable for vaccine applications.
Immunological studies of KLH conjugates
Our design was to conjugate various sialic acids to KLH to provide T cell "help" for B cell responses [34] . B cells that express membrane-bound antibodies specific for sialic acids should exhibit efficient antibody-enhanced uptake of the glycoconjugates, allowing enhanced B cell presentation of the carrier protein to T cells. This mechanism drives T cell responses that promote the carbohydrate-specific B cells to proliferate more rapidly, undergo isotype class switching and affinity maturation and differentiate into long-lived memory B cells. Thus, conjugation of carbohydrate antigens to carrier protein enhances the magnitude and quality of the antibody response [27] . The immunogenicity of KLH-sialic acid conjugates was assessed in C57BL/6 mice, an immunologically competent inbred strain that has been used in tumor immunology studies [25] and is highly applicable to future studies in this area. The mice received a primary immunization on day 0 and booster immunizations at days 14, 21 and 28 with same antigens. Glycoconjugates were administered in Ribi adjuvant, an oil emulsion system that is approved for use in human trials [35] . The Freund's adjuvant was avoided because it is not approved for human use.
Following immunization, we examined titers of total antigenspecific serum antibodies and individual titers of antigenspecific IgM, IgG1, IgG2a and IgG3 (Figure 1 ). These antibody isotypes have different capacities to fix complement and bind Fc receptors. For example, IgG antibodies usually have improved complement fixation and Fc receptor binding ability, leading to antibody dependent cell mediated cytotoxicity [36] [37] [38] [39] .
Panel A of Figure 1 gives total antigen-specific antibody titers assessed by ELISA assays specific for kappa light chain. Kappa light chains are found in association with antibody heavy chains of all isotypes, and as the most common antibody light chain type in mice, they comprise approximately 95% of antibodies [38] . As expected, the artificial sialic acids were much more immunogenic than the natural Neu5Ac. Neu5Pr showed the highest titers, followed by Neu5iBu and Neu5PhAc. To our surprise, however, Neu5FPr produced very low antibody titers.
Panel B of Figure 1 shows antigen-specific IgM titers. IgM has important complement fixing function, but is produced by B cells that have not undergone class switching or affinity maturation and have not progressed to a memory phenotype [38] . As seen in the figure, titers of this isotype were generally lower, but the pattern of immunogenicity ranking was similar to that of panel A. Thus, Neu5Pr also gave the highest IgM titers. IgM titers were relatively high for unconjugated KLH, while IgM was the only isotype with a non-zero titer found with Neu5FPr.
Antigen-specific IgG1 titers (panel C) were much higher than IgM. For IgG1 and all other IgG subtypes (panels D and E), Neu5iBu showed the highest titer values followed by Neu5Pr and Neu5PhAc. While these two unnatural sialic acids gave robust serum titers for IgG1, IgG2a and IgG3, Neu5FPr did not give measurable serum titers of these isotypes.
Our results showed that unnatural sialic acids are generally very immunogenic, although Neu5FPr was a poor immunogen and induced only minimal titers of IgM and no detectable IgG response. The reason for the lack of immunogenicity of Neu5FPr is unclear. Neu5Pr, Neu5iBu and Neu5PhAc induced both IgM and IgG responses. Neu5Pr gave the highest titers of total and IgM antibodies, but Neu5iBu and Neu5PhAc produced higher or at least similar levels of IgG antibodies of several subclasses. Since IgG antibodies have more desirable properties (e.g. affinity maturation and memory, which are not found with IgM responses), these results indicate that Neu5iBu and Neu5PhAc are promising candidates for utilization as effective immunogens for therapeutic purposes. We have also noticed that the IgG antibody titers induced by Neu5iBu and Neu5PhAc increased steadily in response to the repeated immunizations, suggesting the potential for prolonged immune responses induced by these antigens. Because IgG antibodies have improved functions, e.g. complement fixation and cell mediated cytotoxicity, they may play a key role in the elimination of tumors in vivo [36, 38] .
We envision that modifying Neu5Ac in sialo TACAs with iso-butanoyl and phenylacetyl groups may result in promising cancer vaccines, an issue that we are currently pursuing. Our preliminary results [40] have also shown that the phenylacetylated derivative of mannosamine is a very good substrate for Neu5Ac adolase that is involved in the bioengineering of sialic acid and sialoglycoconjugates on cells [41] . These studies indicate great promise for the application of derivatized forms of sialooligosaccharides as immunological targets and guide the choice of derivatizations for further studies of glycoengineering of tumor cells and development of novel and efficient cancer immunotherapies.
In summary, an effective method was established to prepare various N-acyl derivatives of neuraminic acid and their protein conjugates, and the immunological properties of these glycoconjugates were studied in detail. It was proved that artificial sialic acids were much more immunogenic than natural Neu5Ac. Even though Neu5Pr, Neu5iBu and Neu5PhAc all generated robust immune responses, Neu5iBu and Neu5PhAc were better immunogens, as they induced stronger IgG responses. Therefore, cancer vaccines made of oligosaccharides with iso-butanoyl and phenylacetyl-modified neuraminic acids are excellent targets for further investigations.
